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Simple plan, high impact 
o Have an fMRI task in a relatively large sample? 

o Healthy controls preferable 
o N > 40 

o Draw blood or swab cheek  
o Genotyping at most resolutions fast & cheap* 
o In SPM, ANCOVA or regression 

 
* Collaborations with our lab already have whole 
genome genotypes > 1000 local controls 



Why Imaging Genetics? 

o Few routes to neural mechanism using in vivo human data 
o Animal model  
o Drug study 
o BOLD fMRI (MRSI, MEG, EEG) 

o Genes do not code for mental illness, per se 
o Genes code for heritable aspects of brain function, intermediate- or endo-

phenotypes 
o Genetic risk for illnesses like schizophrenia is polygenic, heterogeneous 
o Gene interact with each other and the environment  

 
o BOLD fMRI, as an alternate metric of specific or general cognitive systems, offers 

‘real world validation’  
o Putative genetic mutations (including private mutations (CNVs) 

o In spite of growing sample sizes, association studies risk false positives 
o RDoC domains and constructs 

o If these do not correspond to brain systems we can map, then may be as 
doomed as DSM  



Imagers make the best geneticists 
o Both methods based on recent technologies 

o High field magnets vs. sequencing chips  
o Both highly computerized and utilize open-source code 

o SPM (fMRI) vs. PLINK (genetic association) 
o Active user communities 

o Statistical issues similar 
o Sampling size  

o Whole brain vs. whole genome 
o ‘Resolution’ 

o Voxel size vs. tag SNPs 
o ‘Smoothing’ 

o FWHM vs. LD  
o Multiple comparisons problem 

o T test vs. Chi square 
o Correction (both based on modified Bonferroni) 

o Whole brain vs. GWAS (p < 1x10-8)  
o ROI vs. candidate gene 
o FWE/FDR both 

 



(*Visscher et al., 2010; Nan et al. 2012**; Postuma et al. 2002***; McGue & Bouchard, 
1998#;^Burmeister et al., 2008)   



BOLD: powerful phenotypes 
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Genetics = the study of how human diseases are passed 
by genes through families 

Simple 
Complex 

Clinically unaffected, but shares ~ ½ risk genes 



Finding these genes is difficult for most inherited diseases…. 

affected person 

unaffected 

“nonpenetrant” 

(Goldman et al. Nat Rev Genet 2006) 

Why? 
1. Caused by many (100-1000s) of genes 
2. The effects of a mutation vary between 
       people 

Has all the genes  
(note this doesn’t mean the 

exact same set) 

May still carry some genes 
(like a parent of a sick person) 

Has all of the genes but is 
NOT sick for reasons we can’t 

explain 



Techniques for finding genes 

 Linkage 

 In large families, searching 
for markers (signposts) 
transmitted to sick children 

 Association 

 In families, searching for 
links between mutations in 
suspected genes and sick 
children 

 Intermediate phenotypes 

  short cut 



Genes: 

 

multiple 

susceptibility 

alleles each of 

small effect 

Cells: 

 

subtle 

molecular 

abnormalities 

Systems: 

 

abnormal 

information 

processing 

schizophrenia 

Behavior: 

 

complex functional 

interactions and 

emergent 

phenomena 

The intermediate phenotype (half way there) 

The Wisconsin Card Sorting Task

temperament 

cognition 

(After: Callicott and Weinberger, Mol Methods Med 2003) 



Imaging genetics would be easy if we could take a picture of 

the disease, and not just the intermediates 

(Dierks et al., Neuron, 1999) 

fMRI study that showed parts of the brain active when someone 

was hearing voices 



Catechol O-methyltransferase (COMT):  
NIMH Intramural Success Story 

(Apud et al. 2006) 

(Egan et al. 2001) 
(Meyer-Lindenberg et al. 2006) 



Dopaminergic Nerve Terminal 

val/met 

rs4680 

 5’ 



Effect of COMT genotype on  
frontal lobe function  

 
 

Egan et al PNAS 2001 

n = 218 

n = 181 

n = 58 

genotype effect 

F=5.41, df= 2, 449;  

p<.005. 
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Physiological efficiency 

fMRI 



Interest in imaging genetics predicated on heritability of 
phenotypes… 

Callicott et al. Cereb Cortex 2000 

Patients > Controls 
 (N=13)     (N=18) 

Callicott et al. Am J Psychiatry 2003 

Healthy Siblings > Controls 
      (N=48)             (N=33) 

PFC BOLD during our Nback h2 = 0.4-0.5 

Blokland et al. Biol Psych 2009, J Neurosci 
2011; Koten et al. Science 2009 



Putting brain imaging and genetics together 

Mutations that increase risk for 
schizophrenia are 

disadvantageous for all of us 

(SPM5, display at p < 0.001, uncorrected; PFC p < 0.05 SVC) Huffaker et al. 2009 



Imaging genetics v 1.0 

o Candidate genes 
o KIBRA impaired memory & expressed in 

hippocampus  (Papassotiropoulos et al., 
Science 2006) 

o Replication in 3 independent populations in 
behavioral memory measures 

o In 30 healthy subjects, KIBRA associated with 
reduced hippo activation 



Imaging genetics v 2.0 

o Genetic mutations modeled in cell culture or animals 
o Association based on disease GWAS (ZNF804A) 

o Esslinger et al. 2009 (Science) 
o Rasetti et al. (Arch Gen Psychiatry) 



Imaging genetics v 2.1 
o Epistasis (gene-gene interaction) 

o Initially based on candidate-by-candidate  
o Buckholtz et al., Mol Psychiatry 2007 

o Data-driven (machine learning)  
o Nicodemus et al., Hum Genet 2010 

o Now predicated on detailed cellular or animal modeling 
o Papaleo et al., in press; Callicott et al. JCI 2013 



PFC neuronal function: ‘optimized’ by 
dopamine & GABA interactions 

(Goldman-Rakic & Selemon 1997) 

(Seamans et al., 2001) 



Table 2: Representative demographics  



PFC efficiency associated with dopamine and 
GABA epistatic interaction 

(p < 0.05 SVC, display at  p < 0.01 uncorrected; error bars represent 1 standard error of the mean)  



Imaging genetics v 2.1 
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COMT x Dysbindin 

interaction 

o Epistasis (gene-gene interaction) 
o Initially based on candidate-by-candidate  

o Buckholtz et al., Mol Psychiatry 2007 
o Data-driven (machine learning)  

o Nicodemus et al., Hum Genet 2010 
o Now predicated on detailed cellular or animal modeling 

o Papaleo et al., in press; Callicott et al. JCI 2013 
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PFC inefficiency defined by intermediate phene 

Meta-analysis driven ROIs 

AAL: Extraction across whole brain 

CPCA: networks 

Imaging genetics v 2.2 



• BOLD fMRI intermediate phenotypes, like PFC efficiency, seem particularly useful in 
elucidating potential physiological manifestations of risk genes for schizophrenia.  

• Establishing potential heritability was an essential part of this argument (e.g., Weinberger et 
al. 1992, Berman et al. 1992).  

– If DLPFC BOLD signal is a heritable quantitative trait, then we should expect some associations between 
genome-wide datasets and estimates of BOLD activation: 

– BOLD fMRI PFC inefficiency in 2 separate cohorts of unafffected siblings (Callicott et al. 2003) 

– Blokland et al. 2008: Nback in 60 twin pairs (29 MZ vs 31 DZ) 

– Koten et al. 2009: SIRP in 10 MZ twin pairs + additional brother 

• Will BOLD fMRI GWAS identify risk variants that have been ‘invisible’ to case-control GWAS 
due to the diagnostic heterogeneity, phenotypic complexity, and other poorly-understood 
aspects of the clinical diagnosis of schizophrenia? 

– Caveat: BOLD fMRI may always be better poised to generate novel phenotypes for candidate gene 
studies 

– Likely to generate false positives or at least many findings unrelated to risk per se 

25 

Imaging genetics v 3.0 
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(Meyer-Lindenberg & Weinberger 2006) 

(Owens et al. 2004) 



Imaging genetics v 3.0 

o BOLD fMRI GWAS 
o Nback (n = 364) 
o Illumina 650K chip genotyping 
o Automated extraction of AAL ROIs 
o First GWAS + using BOLD fMRI (Callicott, Spencer, et al., in prep) 



We’re looking for lots of genes acting together, so we’ve 
started looking for signs of these “interactions” 

(Buckholtz et al. Mol Psychiatry; 2007) 



As a heritable trait, BOLD fMRI phenotypes show other sensitivities….. 

o fMRI during social stress task influenced by environment 
o Urban upbringing or urbanicity 

Lederbogen et al., Nature, 2012 



As a heritable trait, BOLD fMRI phenotypes show other sensitivities….. 

o fMRI during WM ( 3 cohorts (USA1 = 124; USA2 =92; Italy1=226 ) 
o Same sensitivity to environment (Urbanicity) 
o Gene-by-environment interaction (COMT x Urbanicity) 

Ihne et al., in preparation 



As a heritable trait, BOLD fMRI phenotypes show other sensitivities….. 

o fMRI during WM ( 3 cohorts (USA1 = 124; USA2 =92; Italy1=226 ) 
o Same sensitivity to environment (Urbanicity) 
o Gene-by-environment interaction (COMT x Urbanicity) 

Ihne et al., in preparation 



Until we understand healthy brain cell function, fMRI lets 
us check our work 

(Harrison and Weinberger Mol Psychiatry 2005) 

If a mutation is 
important to brain 
function, then 
mapping these 
effects (taking a 
picture) lets us feel 
more confident we 
are on the right track. 



“The most incomprehensible thing about the world is that it is 
comprehensible.”  
A. Einstein (1936) 

• Many features that appear state-independent are poor candidates for intermediate 
phenotypes: 

– Put another way, not all biomarkers are intermediate (‘endo’) phenotypes for a given disease OR may 
be heritable for all humans, but that that heritability not particularly altered by disease 

• Characterization of siblings, both twins and full sibs, in parallel to probands remains the only 
way to determine familial co-segregation and heritability (Gottesman & Gould 2003) 

• Thus, our primary intermed phene, PFC inefficiency (Callicott et al. 2003, Karlsgodt et al. 2007), 
may have had so much success b/c PFC activation is heritable (Blokland et al. 2008; Koten et al. 
2009, Karlsgodt et al. 2010, Blokland 2011) 

• One the other hand, amygdala activation, also linked to several genetic polymorphisms (Hariri et 
al. 2002), appears not to be heritable in schizophrenia (Rasetti et al. 2009) 

• Outstanding issues 

– How dependent are these associations on task characteristic (i.e., are genetic effects specific or 
generalized)?  

– Gene x gene (epistatic) analyses are thought critical in complex heritability. Will such analyses in 
imaging space hold when the genes are no longer candidate A x candidate B, but the kind of 
unpredicted A x novel B, as from GWAS or empirical statistical analyses? 

– Effect size appears larger for imaging vs. other phenes. Will this mean that smaller sample sizes can 
yield GWAS significant findings using intermediate phenes? 



Conclusions 
The next generation of studies 

Task characteristics: 
Genetic effects easy to search for 

Finding heritable phenotypes (GCTA) 
Candidate gene strategy replaced by GWAS, model, data-driven 

Epistasis:  
Usual suspects: GAD1 x COMT 
Novel approaches: DISC1 interactome, GWAS +, cell or animal model 

PFC efficiency is a valid phene with its own set of GWAS findings 
These genes will be relevant far beyond scz; any neurological disorder with PFC implicated 
pathology 
Unique avenues to cognitive remediation 

Building the better mousetrap: rethinking the next generation of tasks and potential phenes: 
Processing speed suggests its second order processes that are most disrupted, not the highest executive levels we’ve 
studied (Dickinson et al. 2008) 
Are there lacunae of intact function (aspects of fluid intelligence) that survive illness (just as most of crystallized 
intelligence does)? 

More targets for remediation 

 



Summary 

1. Genes don’t give you a mental illness, they build a brain that is vulnerable. 

 

2. Short-cut: Find the genes that cause a brain to have trouble with short term 

memory and with some luck, some of those may be responsible for the 

vulnerable brain. 

 

3. The vast majority of diseases that cause pain and suffering in humans are 

inherited in this ‘many genes’ fashion – this could work for lots of other 

diseases besides psychiatry. 

Genes Cells 

 

  Systems 

 

 

Psychiatric  

syndromes 

Behavior 


